Budding of transport vesicles from the endoplasmic reticulum in yeast requires the formation, at the budding site, of a coat protein complex (COPII) that consists of two heterodimeric subcomplexes (Sec23p/Sec24p and Sec13p/Sec31p) and the Sar1 GTPase. Sec24p is an essential protein and involved in cargo selection. In addition to Sec24p, the yeast Saccharomyces cerevisiae expresses two non-essential Sec24p-related proteins, termed Sfb2p (product of YNL049c) and Sfb3p/Lst1p (product of YHR098c). We here show that Sfb2p and, less efficiently, Sfb3p/Lst1p are able to bind, like Sec24p, the integral membrane cargo protein Sed5p. We also demonstrate that Sfb2p, like Sec24p and Sfb3p/Lst1p, forms a complex with Sec23p in vivo. Whereas the deletion of SFB2 did not affect transport kinetics of various proteins, the maturation of the glycolipid-anchored plasma membrane protein Gas1p was differentially impaired in sfb3 knock-out cells. We generated several conditional-lethal sec24 mutants that, combined with null alleles of SFB2 and SFB3/LST1, led to a complete block of transport between the endoplasmic reticulum and the Golgi (sec24 -11/⌬sfb2) or to cell death (sec24 -11/⌬sfb3). Of the Sec24p family members, Sfb2p is the least abundant at steady state, but high intracellular concentrations of Sfb2p can rescue sec24 mutants under restrictive conditions. The data presented strongly suggest that the Sec24p-related proteins function as COPII components.
The formation of protein transport vesicles at the endoplasmic reticulum (ER) 1 involves a small GTPase, Sar1p, which in its GTP-bound form recruits to the ER membrane two heterodimeric protein complexes, Sec23p/Sec24p and Sec13p/ Sec31p, to form a vesicle coat, termed COPII (1) . Association of the Sec23p/Sec24p COPII subcomplex to the vesicle budding site is thought to lead to a concentration of integral membrane cargo proteins (2) . It has been shown by in vitro experiments that the Sec23p/Sec24p complex physically interacts with some vesicle targeting receptors, v-SNAREs (3). In another study we could demonstrate that it is the Sec24 protein that directly binds to a t-SNARE, the yeast syntaxin Sed5p (4) , which like its mammalian counterpart syntaxin 5 cycles between an early Golgi compartment and the ER (5, 6) .
Sequence analysis of the Saccharomyces cerevisiae genome revealed that this unicellular yeast has, in addition to Sec24p, two related proteins, termed Sfb2p (product of YNL049c) and Sfb3p/Lst1p (product of YHR098c), that share 56% and 23% of sequence identity with Sec24p. Whereas Sec24p is an essential protein (4, 7) , recent reports demonstrated that Sfb2p and Sfb3/Lst1p are dispensable for cell viability (8, 9) . It was shown in one of these studies that the deletion of SFB3, but not of SFB2, led to a secretion defect of some undefined polypeptides (8) . Another study disclosed that the knock-out of SFB3 resulted in a selective, but partial inhibition of ER export of the plasma membrane ATPase Pma1p (9) . Therefore, both studies suggest that the Sec24p-related protein Sfb3p might play a role as COPII component for specific cargo selection. In line with this, Sfb3p was shown to be able to form, like Sec24p, a complex with Sec23p (9) .
The present study was undertaken to get further insight into the functional relationship of Sec24p and its relatives, especially of Sfb2p. From the results obtained by a combination of biochemical and molecular genetic studies we come to the conclusion that the two Sec24p-related proteins are functional COPII components. They cannot only interact with Sec23p but also with integral membrane cargo proteins, their loss of function in sec24 mutants results in synthetic defects of ER-to-Golgi transport, and high intracellular concentrations of Sfb2p can rescue sec24 conditional mutants at non-permissive conditions.
EXPERIMENTAL PROCEDURES
Yeast Strains and Growth Conditions-Yeast strains used in this study are listed in Table I . They were constructed by standard methods and grown in standard YPD or minimal medium as described (10) . Techniques for yeast crossing, sporulation, tetrad dissection and segregation of plasmids were performed as described (10) . Yeast transformation was carried out using a modified lithium acetate method (11) .
Plasmids-All constructs containing the SEC24 gene were previously described (4) . The SFB2 gene was isolated by screening a subgenomic plasmid library constructed by complete digestion of yeast genomic DNA with KpnI and SacI and subsequent ligation into pBluescript KSϩ. The KpnI-SacI fragment (4.3 kilobase pairs) containing the SFB2 open reading frame and its upstream (838 bp) and downstream (838 bp) regulatory sequences were then subcloned into the CEN-based vector pRS316 and the 2 -based vector pRS326 (12) . The SFB3/LST1 gene was amplified from yeast genomic DNA by PCR as a 3994-bp DNA fragment containing the entire open reading frame (2787 bp) and 736-bp upstream and 471-bp downstream sequences using the primers: 5Ј-CCGCTCGAGCCGATTTTGTTGGTGTTGTTTATT-3Ј (containing an XhoI site) and 5Ј-CGGGATCCTGCAAGATTTACCAGAAGACAGTC-3Ј (containing a BamHI site). The PCR product was digested with BamHI and XhoI and inserted into the vector pRS325. Cloning the correct fragment was verified by sequencing.
Gene Disruptions-SEC24, SFB2, and SFB3/LST1 gene deletions were performed in the diploid yeast strain (MSUC1A3D) by a PCR-based procedure with the kanamycin resistance gene as marker (13) . The SFB3/LST1 gene was also disrupted by replacing most of its coding sequence (Eco47III-SnaBI fragment) with the LEU2 gene. The diploid strains heterozygous for either the deletion of SEC24, SFB2, or SFB3/LST1 were subjected to sporulation and tetrad dissection. The diploid strain heterozygous for ⌬sec24 gave two viable spores, while those heterozygous for SFB2 or SFB3/LST1 gene deletions gave four viable spores. The haploid segregants carrying sfb2::KanMX 4 , sfb3::KanMX 4 , or sfb3::LEU2 were confirmed by PCR analysis and Southern blotting.
Generation of Tsϩ Alleles of SEC24 -Temperature-sensitive sec24 alleles were created by in vitro mutagenesis with hydroxylamine, followed by plasmid shuffling (14) . Briefly, a diploid strain heterozygous for the SEC24 deletion (RPY5) was transformed with pRS316-SEC24, a CEN-based plasmid bearing the wild type SEC24 gene. After sporulation and tetrad dissection, the haploid segregant (RPY16) with the genomic SEC24 deletion and its viability supported by pRS316-SEC24 was obtained. Then, pRS315-SEC24, another CEN-based plasmid bearing the wild type SEC24 gene, was mutagenesized in vitro with hydroxylamine as described (10) . The plasmid pool after mutagenesis was introduced into the yeast strain RPY16. Colonies that received the pRS315-based plasmid were replica-plated onto medium containing 5Ј-FOA (WAK-Chemie Medical GmbH, Bad Homburg, Germany), and the cells that lost the URA3-carrying but maintained the LEU2-bearing plasmid were selected. Finally, the colonies that contained the pRS315-based plasmids and revealed the temperature-sensitive phenotype were selected. Direct linkage between the mutations of the SEC24 gene and the temperature-sensitive growth phenotype of the colonies was verified and characterized further.
Antibodies-A polyclonal antibody against Gas1p was kindly provided by H. Riezman (Basel, Switzerland). Anti-Sed5p antibodies were produced and purified as described previously (15) . Anti-MYC (9E10) and anti-HA (12CA5) monoclonal antibodies were purchased from Santa Cruz Biotechnology, Inc., and Roche Molecular Biochemicals, respectively. Antisera against Sec23p were produced in rabbits with the full-length Sec23p obtained by thrombin cleavage of a purified GST fusion protein produced in yeast. The Sec23p antibodies were affinitypurified on GST-Sec23p (4). GST-Sly1p was expressed in Esherichia coli from pGEX-TT (Amersham Pharmacia Biotech), and purified as described (4). Antibodies against Sly1p were affinity-purified with GSTSly1p from an antiserum described previously (16) .
Protein Labeling and the Analysis of CPY, ALP, and Gas1p Kinetics-Pulse-chase experiments were performed as described previously (17) . Newly synthesized CPY, ALP, or Gas1p precipitated with affinitypurified antibodies were resolved by SDS-PAGE, followed by autoradiography.
Native Staining of Invertase-Cells of different strains were grown in YEPG at 30°C or 25°C to mid-log phase and then pelleted, washed and resuspended in YEPG containing 0.1% glucose to induce the synthesis of invertase. In certain cases, the induction was carried out at nonpermissive temperatures. After 60 min of induction, 1 OD 600 unit of cells was collected, washed in 10 mM NaN 3 , and processed essentially as described (18) .
Purification of Recombinant Proteins and in Vitro Affinity Binding Assay-All the yeast t-SNARE proteins fused to GST were constructed and purified and the affinity binding assays were performed as described (4) with cytosol prepared from the yeast strain expressing both the Sfb2p-HA and the Sfb3p-MYC.
Electron Microscopy-Yeast strains were grown as specified in the figure legends. Cells were fixed with potassium permanganate and processed as described previously (19) .
Epitope Tagging-Sec23p, Sec24p, Sfb2p, and Sfb3p/Lst1p were Cterminally tagged with six consecutive histidines followed by either two copies of c-MYC epitope (EQKLISEEDL) or three copies of HA epitope (YPYDVPDYA) as follows. Two vectors, pU6H2MYC and pU6H3HA (EMBL accession no. AJ132965 and AJ132966, respectively) containing the 6His-2XMYC-loxP-KanMX-loxP cassette or the 6His-3XHA-loxPKanMX-loxP cassette were constructed. Then, these expression cassettes were amplified using two primers, one (5Ј-TCC CAC CAC CAT CAT CAT CAC-3Ј) with 21 nucleotides annealing to the 5Ј-end of the 6XHis, the other (5Ј-ACT ATA GGG AGA CCG GCA GAT C-3Ј) with 22 nucleotides annealing to the 3Ј-end of the KanMX-loxP sequences. The 5Ј-primer was flanked by 42-45 nucleotides derived from the gene of interest (excluding the stop codon and in frame with the epitope), and the 3Ј-primer was flanked by nucleotides derived from the downstream sequence of the 3Ј-end of the gene of interest, starting from either the stop codon, or 50 -100 nucleotides after the stop codon. Five g of the PCR product were used to transform the protease-deficient yeast strain Cl3-ABY-86, and the positive colonies were selected on plates with 200 mg/liter Geneticin. The expression of tagged proteins was verified by immunoblotting using anti-MYC or anti-HA antibodies. Strains expressing both the HA-and MYC-tagged proteins were created as follows: first, the strains ADY1 and ADY2 containing the loxP-kanMXloxP cassette and expressing Sfb2p-MYC and Sfb3p-MYC, respectively, was subjected to excision of KanR from the genome in the presence of CRE recombinase (20) , then the second gene was tagged with the HA epitope as above, creating the strains ADY5 and ADY6.
Analysis of the Expression Levels of Sec23p, Sec24p, Sfb2p, and Sfb3p/Lst1p-The strains expressing the MYC-tagged Sfb2p, Sfb3p/ Lst1p, Sec23p or Sec24p (ADY1, ADY2, ADY3, and ADY4, respectively), were grown in rich media with 200 mg/liter Geneticin to mid-log phase (1.0 OD 600 unit/ml). Total protein extract was obtained with two different methods. (I) 2 ml of cells were centrifuged, washed with cold water, and lysed with 180 l of 2 M NaOH, 0.5% ␤-mercaptoethanol for 5 min on ice, and then precipitated by adding 20 l of 100% trichloroacetic acid. The pellet was washed with 1 M Tris and suspended in 100 l of SDS sample buffer (21) . (II) 5 ml of cells were centrifuged, washed with cold water, resuspended in 100 l of lysis buffer (20 mM Hepes⅐KOH, pH 7.2, 150 mM KOAc, 1 mM MgOAc, 0.9% CHAPS, 2 mM Pefabloc) and sonicated 5 s. To each sample was then added 100 l of 2ϫ SDS sample buffer. All the samples with the same amount of starting material were separated by SDS-PAGE and immunoblotted with anti-MYC, antiSed5p, and anti-Sly1p antibodies, using enhanced chemiluminescence system (Amersham Pharmacia Biotech). The relative ratio of MYCtagged protein to Sly1p was evaluated with a Lumi-Imager (Roche Molecular Biochemicals).
Immunoprecipitation-Yeast strains (ADY3, ADY4, ADY5, or ADY6) were grown to 1.2 OD 600 units/ml. The cell pellets of 50-ml cultures were resuspended in 1.5 ml of lysis buffer (20 mM Hepes, pH 7.5, 150 mM KOAc, 5 mM MgOAc, 1% Triton X-100, 2 mM Pefabloc, proteinase inhibitor tablet mixture (Roche Molecular Biochemicals)), and the cells were lysed by vortexing with glass beads at 4°C. The lysates were centrifuged 30 min at 16,000 ϫ g at 4°C. The supernatant was incubated for 30 min at 4°C with 100 l of Protein A-Sepharose-4B Fast Flow (Amersham Pharmacia Biotech) with end-over-end rotation. After centrifugation in a table-top centrifuge for 1 min at top speed, 600 l of the supernatant were transferred to a new tube, and 100 l of Protein A-Sepharose-4B, previously coupled with anti-MYC, or anti-HA antibodies (22) , and 10 l of 10% bovine serum albumin were added, followed by incubation for 1.5 h at 4°C with end-over-end rotation. After centrifugation at top speed for 1 min, the supernatant (S) was transferred to a new tube and an equal volume of 2ϫ SDS sample buffer was added. The beads (IP) were washed three times with 1 ml of lysis buffer and twice with PBS for 5 min each, resuspended in 60 l of SDS sample buffer, and boiled 5 min. 20 l from the IP sample (corresponding to 1/3 of the total IP) and 20 l from the supernatant sample (S) (corresponding to 1/60 of the total supernatant) were separated by SDS-PAGE, followed by immunoblotting with the antibodies specified in the figures.
Subcellular Fractionation-ADY6 strain was grown in rich media with 200 mg/liter Geneticin to 1 OD 600 unit/ml. The pellet from a 250-ml culture was transferred to a mortar containing liquid nitrogen and smashed until a fine powder was obtained. The powder was dissolved in 6 ml of buffer A (20 mM Hepes⅐KOH, pH 7.2, 150 mM KOAc, 1 mM MgOAc, 2 mM Pefabloc, proteinase inhibitor tablet mixture (Roche Molecular Biochemicals)) and centrifuged for 15 min at 500 ϫ g. The supernatant was divided into 4 tubes (600 l each), and to each tube were added 600 l of buffers A, B, C, and D, respectively. Buffers B, C, and D had the same composition as buffer A except for 2% Triton X-100 (B), 3 M KCl (C), or 8 M urea (D). After incubation for 15 min on ice, the samples were centrifuged at 4°C for 15 min at 10,000 ϫ g, the pellet (p10) was resuspended in 1.2 ml of 2ϫ SDS buffer. The supernatant (1 ml) was subjected to further centrifugation for 1 h at 100,000 ϫ g at 4°C, the pellet (p100) was resuspended in 1 ml of 2ϫ SDS buffer, and the supernatant (S100) was treated in the same way. All samples were subjected to SDS-PAGE, followed by immunoblotting.
Gel Filtration-Cells of ADY6 strain were grown as above. The pellet from a 500-ml culture was resuspended in 6 ml of a detergent-containing buffer (20 mM Hepes⅐KOH, pH 7, 150 mM KOAc, 5 mM MgOAc, 250 mM sorbitol, 0.5% CHAPS, 2 mM Pefabloc, proteinase inhibitor tablet mixture (Roche Molecular Biochemicals)). Cells were lysed by vortexing with glass beads at 4°C. The supernatant was centrifuged for 1 h at 100,000 ϫ g. 5 ml of the supernatant were loaded on to a Sephacryl S-400 column (Amersham Pharmacia Biotech). The column was eluted at 0.5 ml/min, and fractions of 2 ml were collected. Proteins of equal aliquots from each fraction were separated by SDS-PAGE, transferred to nitrocellulose filters, and probed with the different antibodies. The chemiluminescence signals were quantitated with a Lumi-Imager.
RESULTS

Sec24p-related Proteins
Bind to Syntaxin Sed5p-We had previously shown by affinity chromatography and two-hybrid analyses that the COPII component Sec24p binds specifically to the Golgi syntaxin Sed5p (4). It was therefore of interest to investigate whether the Sec24p-related yeast proteins Sfb2p and Sfb3p/Lst1p (Fig. 1 ) would also interact with Sed5p. Soluble proteins of newly created yeast strains expressing the Cterminally tagged Sfb2p-HA or Sfb3p-MYC protein were incubated with agarose beads to which GST alone or GST fused to all different yeast syntaxins were bound. After washing the beads with buffer containing 0.15 M KCl, Sfb2p and Sfb3p/ Lst1p bound Sed5p specifically (Fig. 2) . However, under the conditions used, Sfb3p/Lst1p interacted less efficiently with the GST-Sed5 fusion protein than Sfb2p.
Because of their ability to bind Sed5p, we termed the Sec24p-related proteins Sfb2p and Sfb3p (for Sed five binding).
Vesicular Protein Transport in sfb2 and sfb3 Deletion Mutants-To inquire into the functional relationship of Sec24p and its relatives, we knocked out SFB2 and SFB3 in the laboratory strains that we intended to use for studying possible synthetic defects with sec24 mutants. We found that cells of sfb2 and sfb3 deletion mutants as well as those of the double knockout grew like wild type cells at temperatures between 15°C and 37°C. Pulse-chase experiments were performed at 30°C to follow the fate of various proteins that pass the ER and the Golgi compartments on the way to their final destination: the soluble and membrane-bound vacuolar hydrolases carboxypeptidase Y (CPY) and alkaline phosphatase (ALP), secreted invertase, and the glycolipid-anchored plasma membrane protein Gas1p. Whereas the vacuolar hydrolases reached their target organelle with identical kinetics in wild type and in the three knockout strains, a clear delay of Gas1p processing was observed in sfb3 single and the sfb2/sfb3 double deletion mutants (Fig. 3A) . Processing and secretion of invertase, followed by staining the enzyme in nondenaturing gels, was only marginally affected in the deletion strains. The bulk of invertase was secreted, but apparently not fully glycosylated as in wild type cells (Fig. 3B) .
It thus appears that the deletion of SFB3 results in a differ- ential delay of transport of the plasma membrane protein Gas1p, whereas the lack of Sfb2p does not affect protein transport at all.
Surprisingly Mild Effects on Protein Transport of Various sec24
Conditional Mutants-It was previously noted that SEC24 is an essential gene (4, 7). We created several temperature-sensitive mutants to be able to search for synthetic effects with mutants of SFB2 and SFB3 which are non-essential genes (8, 9) and to inquire into the possibility that this COPII component might serve a dual role in transport vesicle budding and fusion.
A collection of haploid temperature-sensitive strains was prepared with the essential SEC24 gene deleted and kept alive at 30°C by expressing Sec24p from hydroxylamine-mutagenized single-copy recombinant plasmid. The plasmid-borne sec24 genes from three strains unable to grow at temperatures higher than 35°C were sequenced and found to contain single codon changes each within a 240-amino acid stretch of the N-terminal region, which also contains a zinc finger-like structure (Fig. 1) . The sec24 -11 and sec24 -16 alleles encode proteins with the non-conservative substitutions D351Y and T185I, respectively, whereas sec24 -13 has an amber mutation at codon 112. The latter finding indicates that the genetic background of the strain used includes an amber suppressor activity. Although growth of the mutants ceased completely within 30 -40 min after shift to 37°C, the mutant Sec24 proteins were rather stable at non-permissive temperature (Fig.  4C) . For further studies, the sec24 -11 allele was integrated into the genome to replace the wild type SEC24 gene. The sec24 -13 and sec24 -16 alleles were expressed from the centromere-containing plasmids in sec24 deletion strains. At 25°C all three mutants behaved like wild type with respect to the transport of invertase, Gas1p, CPY, and ALP (data not shown). At the non-permissive temperature of 37°C, a slight delay of CPY and ALP maturation was observed (Fig. 4) . However, compared with wild type cells, most of the proteins analyzed were properly and efficiently processed indicating that they reached their final destinations. In sharp contrast, vesicular protein transport in sec23-1 mutant cells, as expected, appeared to be completely blocked (Fig. 4A) .
As SEC24 is essential, and Sec24p in complex with Sec23p is thought to be required for the formation of vesicles at the ER, these findings came as a surprise. We reasoned that the Sec24p-related Sfb2p and/or Sfb3p could have compensated for . CPY, ALP, and Gas1p were immunoprecipitated and analyzed by SDS-PAGE, followed by autoradiography. p1, ER core-glycosylated CPY; p2, Golgi-modified CPY; p, ER-and Golgi-modified proforms; m, mature forms. B, cells of different strains were grown in YEPG at 30°C to mid-log phase, and then transferred to 0.1% glucose medium to induce invertase synthesis for 60 min at the same temperature. Spheroplasts were prepared and pelleted to obtain the periplasmic (E) and intracellular (I) fractions. Proteins of both fractions were separated on a 5% non-denaturing polyacrylamide gel, followed by activity staining of invertase. Note the low amount of ER forms inside the cells of and the secretion of under-glycosylated invertase from sfb deletion mutants. S, secreted invertase; ER, ER core-glycosylated invertase.
FIG. 4. Analysis of protein transport in sec24 mutants and stability of Sec24 mutant proteins. A and B, cells of wild type (MSUC3D), sec24 -13 (RPY31), sec24 -16 (RPY29)
, and sec23-1 (RH227-3A) mutant strains were grown at 25°C in YEPG, transferred to 37°C for 30 min, pulse-labeled with 35 S-labeled amino acids for 10 min and chased with cold amino acids at 37°C for the times indicated. CPY, ALP, and Gas1p were immunoprecipitated from cell lysates and separated by SDS-PAGE, followed by autoradiography. The positions of the precursors and the mature forms of the secretory proteins are marked as in Fig. 3 . C, wild type and sec24 mutant cells were logarithmically grown at 25°C and shifted to 37°C for the times indicated. Total cellular protein was separated by SDS-PAGE and subjected to immunoblot analysis with anti-Sec24p antibodies. The sec24 -11 allele was integrated into the genome; the sec24 -13 and sec24 -16 alleles were expressed from CEN-vectors. The integral Golgi membrane protein Emp47p served as reference.
the loss of Sec24p function in vesicle budding. The chromosomally integrated sec24 -11 allele was therefore combined with the deletion of either SFB3 or SFB2. The combination of the sfb3 null with the sec24 -11 allele led to lethality, whereas ⌬sfb2/sec24 -11 cells were viable. In contrast to the single mutants, CPY, ALP, and Gas1p transport was completely blocked in this double mutant (Fig. 5, A and B) . A portion of newly synthesized invertase was accumulated in its ER coreglycosylated form, but most of the enzyme appeared to reach the periplasmic space in a somewhat hypoglycosylated form (Fig. 5C) .
Electron microscopic inspection after potassium permanganate staining of fixed cells revealed that, compared with wild type (Fig. 6A) , sfb2 null (data not shown) and sec24 -11 mutant cells at 37°C (Fig. 6B ) had an about 2-fold increased number of 30 -50-nm vesicles. Interestingly, the ⌬sfb2/sec24 -11 double mutant 60 min after a shift to 37°C exhibited enhanced proliferation of ER membranes, and a further increase (approximately 3-fold compared with wild type) of vesicular structures that formed aggregates in about 20% of sections of similar size (Fig. 6, C-E) . The aggregated structures were of round and sometimes of short rodlike appearance. In some cases it can be seen that they are surrounded by a membrane (Fig. 6, D and E) .
High Expression of SFB2 Rescues sec24 -11 Mutant at Nonpermissive Temperature-The synthetic negative effects resulting from combining sfb2 or sfb3 deletions with a sec24 conditional mutant suggest that the COPII component Sec24p and its structurally related proteins are functionally related. We therefore tested whether high expression of the SEC24-related genes could rescue growth of sec24 -11 cells at the non-permissive temperature of 37°C. It was found that high intracellular concentrations of Sfb2p, the protein more closely related to Sec24p, allowed mutant cells to grow whereas high expression of Sfb3p did not. However, expression of Sfb2p from the multicopy plasmid-borne gene could not rescue sec24 null mutants.
This shows that Sfb2p can, at least in part, substitute for the function of Sec24p in vesicular transport.
Complex Formation of Sec24p-related Proteins with Sec23p and Relative Abundance of Different COPII Components-It
was shown previously that Sec24p is complexed with Sec23p (23), and in a recent report it was demonstrated that Sfb3p/ Lst1p also binds to Sec23p (9) . Given the functional relatedness of Sec24p and Sfb2p shown by our investigation, we felt it to be of importance to demonstrate Sfb2p/Sec23p complex formation and to get an estimate of the relative abundance of Sec23p and of Sec24p and its relatives. For this purpose, separate yeast strains with the same genetic background were generated that expressed one of the four proteins as a C-terminally MYCtagged version. In these strains, the modified gene replaced the respective wild type gene. The MYC-tagged Sec24p and Sec23p FIG. 5 . Protein transport in sec24 -11 and in ⌬sfb2/sec24 -11 double mutant. A and B, cells of wild type (MSUC3D), sec24 -11 (RPY18), ⌬sfb2/sec24 -11 (RPY72), and sec23-1 (RH227-3A) strains were grown at 25°C, then pre-incubated and labeled at 37°C as described in Fig. 4 and processed for immunoprecipitations with anti-CPY, anti-ALP and anti-Gas1p antibodies. C, cells were grown at 25°C, and invertase was induced at 37°C for 60 min. The periplasmic (E) and intracellular (I) invertase was identified by activity staining in nondenaturing gels as in Fig. 3 . S, secreted form; ER, ER forms; C, cytosolic invertase. were fully functional, and by inference we conclude that the similarly tagged Sfb2p and Sfb3p are functionally unimpaired as well. As shown in Fig. 7A , immunoprecipitation of Sec23p-MYC from 16,000 ϫ g supernatants led to the co-precipitation of all the Sec24 protein. In contrast, complete precipitation of tagged Sec24p left part of the Sec23p in the supernatant. This argues for Sec23p being in excess over Sec24p. Importantly, a fraction of the cellular Sec23p was co-immunoprecipitated with Sfb2p and with Sfb3p. Specific interaction of Sec23p with the Sec24p-related proteins could also be shown by two-hybrid analyses (data not shown), suggesting that Sfb2p and Sfb3p are COPII components like Sec24p.
The relative abundance of these proteins was calculated from total cellular protein that was subjected to immunoblot analysis with monoclonal anti-MYC antibody, followed by measuring the chemiluminescent intensities of the respective proteins using a Lumi-Imager. The hydrophilic Sly1 protein (16, 24) was used as reference (Fig. 7B) . As already suggested from the immunoprecipitation experiments described above, Sec23p was found to be the most abundant of the four proteins. Sfb2p turned out to be the least abundant of the three Sec24p species (Fig. 7C) .
Intracellular Distribution of Sec24p and Its Relatives-Previous studies had shown that the COPII subcomplex Sec23p/ Sec24p is recruited to the ER membrane in the process of vesicle budding (1) . It also appears that Sfb3p, in complex with Sec23p, serves as COPII subunit for special cargo capture (9) . Given the results reported here, it seems most likely that Sfb2p/Sec23p is also used as a COPII subcomplex on ER-derived transport vesicles. As the COPII complex is thought to leave the vesicle membrane after budding, it is expected that there is a soluble and a membrane-associated pool of the different COPII components.
To see whether Sec23p and the Sec24p species form distinguishable complexes and whether the individual proteins might behave differently with respect to membrane associa- A, cleared cell lysates prepared from ADY6 strain expressing epitopetagged Sec24p-related proteins were treated on ice for 15 min with either buffer, Triton X-100, KCl, or urea as indicated, and subjected to consecutive centrifugation at 10,000 and 100,000 ϫ g. The pellets (P) and supernatant (S) were analyzed by immunoblotting. P10 and P100, the pellets after 10,000 and 100,000 ϫ g centrifugation, respectively; S, the supernatant after 100,000 ϫ g centrifugation. B, Sfb2p and Sfb3p migrate as a complex of about 250 -300 kDa. Gel filtration chromatography on Sephacryl S-400 columns (1.6 cm ϫ 65 cm) were performed as described under "Experimental Procedures." Fractions were probed by immunoblotting using antibodies specific for the different proteins. The chemiluminescent intensities of the relevant protein bands were evaluated with a Lumi-Imager. The data presented represent the average of two immunoblots from one single gel filtration. Note that part of Sfb2p eluted as a complex free of Sec23p at about 650 kDa. The positions of molecular size markers used to calibrate the column are indicated.
FIG. 7.
Co-immunoprecipitation and relative abundance of Sec23p and of Sec24p family members. A, MYC-tagged proteins expressed in individual yeast strains were precipitated with anti-MYC antibodies from 16,000 ϫ g supernatants. The target and co-precipitated proteins in the IP and the non-precipitated proteins (supernatant) were separated by SDS-PAGE and probed with polyclonal anti-Sec23p and anti-Sec24p antibodies. The amount of the supernatant on each lane of the gel corresponds to 1/20 of the total. B, triplicate samples of total protein after alkaline lysis of MYC-tagged Sec24p-, Sfb2p-, Sfb3p-, or Sec23p-producing cells were separated by SDS-PAGE, and subjected to immunoblotting with anti-MYC or anti-Sly1p antibodies. The concentrations of each protein were calculated from chemiluminescent intensities using a Lumi-Imager. C, histograms representing the relative concentrations of Sec23p, Sec24p, and Sfb3p in proportion to Sfb2p as determined by Lumi-Imager analysis. The values were normalized with Sly1p. The data are the average of three measurements derived from two different protein extracts.
tion, we first examined the distribution of the four COPII components by differential centrifugation of cell lysates. As can be seen in Fig. 8A , all four COPII components were distributed almost evenly between the pellet and supernatant fractions obtained from successive centrifugation at 10,000 and 100,000 ϫ g. In contrast to Sec24p, a larger fraction of Sfb2p appeared to be associated with membranes or in larger pelletable protein complexes. Sfb2p and Sfb3p were also more resistant to solubilization with detergent than Sec24p under conditions where the integral membrane protein Bos1p became completely soluble. Treatment of the cell fractions with high salt or urea, conditions expected to dissociate complexes of Sec23p and the Sec24p proteins, efficiently solubilized all four COPII proteins.
For further analysis of Sec23p complexes formed with either Sec24p or its related proteins, the 100,000 ϫ g supernatant of cell lysates (strain ADY6, Table I ) obtained in the presence of 0.5% CHAPS was subjected to Sephacryl S-400 gel filtration (Fig. 8B) . We not only found the peak of Sec23p overlapping with Sec24p as described previously (23), but Sfb3p and part of Sfb2p did also overlap with Sec23p at about 250 -300 kDa. This strongly suggests that Sfb2p and Sfb3p can, like Sec24p, associate to form heterodimers present in the cytoplasm. Interestingly, we observed that a significant portion of Sfb2p devoid of Sec23p eluted from the column with a molecular mass of around 650 kDa. It is possible therefore that this Sec24p-related proteins might form larger cytosolic complexes without Sec23p.
DISCUSSION
The discovery from the S. cerevisiae genome sequencing of two proteins exhibiting significant primary sequence similarity with the COPII component Sec24p posed the question whether these proteins would also play a role in transport vesicle budding at the ER. It was noted that, whereas Sec24p fulfills a function essential for cell viability (4, 7), the Sec24p-related proteins are dispensable (8, 9) . However, the deletion of SFB3, the gene encoding the protein with the lower identity to Sec24p, appears to result in distinct, although only partial protein transport defects (8, 9) . As Sfb3p was also shown to form a complex with Sec23p (9), it seems likely that it functions as COPII component for efficient transport out of the ER of at least some proteins destined to reach the plasma membrane. Such an assumption is strengthened by our finding that the transport of Gas1p, a glycosyl phosphatidylinositol-anchored plasma membrane protein (25, 26) , is slowed down in cells lacking Sfb3p. In general, Sfb3p seems to play a more critical role in transport than Sfb2p, the protein much more closely related to Sec24p, since, as we show here, its loss of function results in lethality when combined with a conditional sec24 mutant. This is not the case for the deletion of the SFB2 gene.
Are Sec24p and Sfb2p simply redundant proteins? This is not unlikely. First, SEC24 and SFB2 are within duplicated regions of the S. cerevisiae genome on chromosomes IX and XIV, respectively (27) . Second, as we show in this report, Sfb2p on high expression can rescue conditionally lethal sec24 mutants at the non-permissive temperature, but Sfb3p cannot. Third, as demonstrated here, Sfb2p binds the t-SNARE Sed5p in vitro, like Sec24p does (4) . Under identical conditions, the binding of this cargo protein was variable and less efficient with Sfb3p. And finally, in a sec24 temperature-sensitive mutant which by itself exhibited only slightly impaired transport kinetics of vacuolar or secreted proteins, the deletion of SFB2 led to a complete 
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block of ER-to-Golgi transport of a number of tested proteins, to a proliferation of ER membranes, and to an accumulation of membrane-enclosed vesicular and rod-like structures. As the conditional-lethal sec24 mutants we have generated did not accumulate ER membranes and were hardly affected in vesicular protein transport even at non-permissive temperature, it must be concluded that Sfb2p (and possibly Sfb3p) can take over Sec24p function to a large extent in such mutants. The rather moderate increase of putative ER-derived transport vesicles in the sec24 conditional or sfb2 deletion mutants might be a consequence of a somewhat reduced docking/fusion competence due to an impaired protein composition of the vesicle membrane. Although this is purely speculative at present, the morphological alterations, ER proliferation, and vesicle accumulation we observed in sec24 -11/⌬sfb2 double mutants resembled those of typical sec mutants defective in ER-to-Golgi transport. The surprising finding of an accumulation of 30 -50-nm vesicles, a size typical for ER-derived transport intermediates that occasionally were also found in clusters in other sec mutants (28) , might mean that the combined loss of Sec24p and Sfb2p function does not prevent vesicle budding completely. The vesicles seen in the double mutant might have been generated with Sfb3p as COPII component. We also cannot exclude that the elongated vesicular structures seen in some clusters represent fragmented ER membranes. Interestingly, in contrast to the sec23-1 mutant that at elevated temperature accumulated ER core-glycosylated precursor proteins only, the sec24 -11/⌬sfb2 double mutant could still secrete newly formed invertase to a large extent. This is not easily understandable unless one would argue that invertase is more efficiently packaged into transport vesicles with Sfb3p being the only or the only functional Sec24p species in the vesicle coat. We also envisage the possibility that Sec24p, in addition to its function in vesicle docking, might be involved in efficient vesicle targeting. The mutant Sec24 proteins are rather stable at non-permissive temperatures, and it might well be that they are partially defective in both functions, which could result in the moderate (2-3-fold) accumulation of the putative transport vesicles we have observed. Clearly, further studies are needed to clarify this interesting problem. As shown in this report, Sfb2p at steady state is the least abundant of the three Sec24p species. The significantly lower cellular concentration of Sfb2p (less than one fourth of the structurally and functionally most closely related Sec24p) is most likely one reason for the inviability of sec24 deletion mutants. This resembles somewhat the situation with ␣-tubulin, which in yeast is encoded by two genes, TUB1 and TUB3, only one of which (TUB1) is highly expressed and essential and can, when deleted, be compensated for by an overexpression of TUB3 (29) . There is, however, an important difference in the case of Sec24p/Sfb2p; a high dose of Sfb2p is not able to rescue the deletion of SEC24. This argues for Sec24p and Sfb2p having partially overlapping function and for Sfb2p lacking a functional feature that makes Sec24p an absolutely essential protein.
In addition to the functional properties of Sfb2p, our chromatographic, co-immunoprecipitation, and two-hybrid analyses document that Sfb2p, like Sec24p and Sfb3p, forms complexes with Sec23p in vivo that can associate with membranes in cellular fractions sedimenting at 10,000 and 100,000 ϫ g. Unlike Sec24p and Sfb3p, a fraction of cytosolic Sfb2p was repeatedly detected in complexes lacking Sec23p and sedimenting at about 650 kDa. Whether this means that Sfb2p is not efficiently used as COPII component under normal growth conditions and "parked" in complexes with other proteins awaits further studies. The rough calculation of the relative abundance of Sec23p and the different Sec24p species would seem to suggest that part of the Sec24 proteins cannot be in a complex with Sec23p at any given time. However, according to the co-immunoprecipitation analyses performed with 16,000 ϫ g supernatants, all Sec24p, at least in this fraction, appeared to be bound to Sec23p.
